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Abstract 24
Insect cuticle is considered an adaptable and versatile building material with roles in 25 the construction and function of exoskeleton. Its physical properties are varied, as the 26 biological requirements differ among diverse structures and change during the life 27 cycle of the insect. Although the bulk of cuticle consists basically of cuticular proteins 28 (CPs) associated with chitin, the degree of cuticular sclerotization is an important 29 factor in determining its physical properties. Spodoptera litura, the tobacco cutworm, is 30 an important agricultural pest in Asia. Compared to the domestic silkworm, Bombyx 31 mori, another lepidopteran whose CP genes have been well annotated, S. litura has a 32 shorter life cycle, hides in soil during daytime beginning in the 5 th instar and is exposed 33 to soil in the pupal stage without the protection of a cocoon. In order to understand 34 how the CP genes may have been adapted to support the characteristic life style of S. 35 litura, we searched its genome and found 287 putative cuticular proteins that can be 36 classified into 9 CP families (CPR with three groups (RR-1, RR-2, RR-3), CPAP1, 37 CPAP3, CPF, CPFL, CPT, CPG, CPCFC and CPLCA), and a collection of unclassified 38
CPs named CPH. There were also 112 cuticular proteins enriched in Histidine residues 39 with content varying from 6% to 30%, comprising many more His-rich cuticular 40 10 some glycine-rich cuticular proteins also had an R&R Consensus or Tweedle motif 178 (i.e., Sl_Aki-008 (RR-1), Sl_Aki-185 (RR-2), and Sl_Aki-34 (CPT)), we left them in 179 their well defined families. In S. litura, 28 putative CP genes were classified as CPGs. 180 Futahashi et al. (2008) classified a group of 34 proteins as CPH which stands for 181 cuticular protein, hypothetical, among which we assigned BmorCPH6 and 7 to CPLCA 182 and BmorCPH1 to CPCFC. They all have signal peptides and some sequence similarity 183 with known CP genes or with the AAP (A/V) motif often found in CPs (Futahashi. et 184 al., 2008; Magkrioti et al., 2004) . Twenty-six putative CP genes which showed 185 sequence similarity with 31 already known CPH proteins in B. mori were classified as 186 CPH in S. litura. Most of them had signal peptides; additionally, the AAP (A/V) motif 187 was found in 20 CPH proteins. Only 6 of these had sequence similarity with already 188 known CPH proteins in B. mori. 189
Characterization of histidine-rich CPs 190
The amino acid composition of the 287 CPs revealed 112 His-rich CPs in which 191 histidine residues ranged from 6.00-30.14% (Fig. 2) (Andersen, 2007; 200 Andersen and Roepstorff, 2007; James L.Kerwin, 1999; Kerwin, 1999; SO Andersen 201 1997) . EM immunolocalization utilized by Vannini and Willis (2017) support the 202 hypothesis about the deployment of RR-1 and RR-2 localization first proposed by 203 Andersen (1998). Namely, the RR-1 CPs are mostly found in soft cuticle like 204 inter-segmental membranes, whereas RR-2s are restricted to hard cuticles in A. 205 gambiae (Vannini and Willis, 2017) . Histidino-β-dopamine is the dominating adduct in 206 hard cuticles like those of adult beetle cuticle, lepidopteran pupae and dipteran puparia 207 (Andersen, 2008) . Consistent with these reports is that His-rich CPs were mostly found 208 in RR-2, but not RR-1 CPs of S. litura. 209
Major clusters of CPR genes in S. litura 210
Compared to B. mori which has a cluster of CPR genes on chromosome 22, major 211 expansions of S. litura CPR genes derived from this family were on S. litura Chr9. 212 Figure 3 shows that 34 RR-1 (Sl-Aki-48 -80) genes and 82 RR-2 (Sl- [88] [89] [90] [91] [92] [93] [94] ) genes were present as two large clusters located on different regions of Chr9. 214
Intriguingly, all of the RR-2 CP members belonged to the cluster encoding His-rich 215
CPs, whereas none of the 34 RR-1 CPs in the large cluster on Chr9 were Chr22 in B. mori also has the orthologs of these RR-1 genes, but none of them were 217 found to be His-rich (Fig. 3) . Although much smaller than S. litura, there was a12 separate His-rich RR-2 CP cluster (BmorCPR79-129) on Chr22 in B. mori. Thirteen 219 RR-1 (Sl-Aki-001 -013) genes were also localized on S. litura Chr1 as a cluster 220 (Supplementary Fig. 1 ). Their orthologs in B. mori also formed a cluster on Chr9. 221
Phylogenetic analysis of S. litura, B. mori and M. sexta CPs 222
To compare the S. litura CPs with B. mori and M. sexta CPs, phylogenetic trees of 223 RR-1 and RR-2 CPs were constructed separately (Fig. 4) . A single species clade was 224 very rare in the RR-1 tree. Although a small number of RR-1 CP genes were expanded 225 in comparison with B. mori, more than half of them showed one-to-one correspondence 226 among the three lepidopteran species. 3, 4, 5 and 6 and MsCPR13, 174, 175, 227 176 and 177 formed separate clades, which corresponded to BmorCPR13 (black star in 228 Fig. 4A ). Another small species-specific RR-1 CP clade was observed (thick bar in Fig.  229 
4A). 230
In sharp contrast to the situation with RR-1s, more than half of the RR-2 CPs formed 231 species-specific clades (Fig. 4B) , indicating species-specific expansions by gene 232 duplication events. Intriguingly, all CP members of S. litura, M. sexta and B. mori 233 belonging to large species specific clades (green branch in Fig. 4B) were His-rich. 234
Twenty-five RR-2 CPs 124, 127, 129, 235 132, 134 136) formed the biggest S. litura specific clade (Blue star in Fig.4B ), all of 236 which belonged to the RR-2 CP gene cluster in chr9. BmorCPR152, MsCPR152, 237
MsCPR153 and Sl_Aki-166, which had the highest His-residue content in each species, 238 13 made a single clade (red star in Fig.4B ), indicating that this highest His CP is 239 conserved and may play a common role in some specific structure among the three 240 Lepidoptera. Five of the CPFLs 237, 238, 239, 240) formed a clade in S. 241 litura ( Supplementary Fig. 2) . 242
Transcript abundance of CPs 243
We conducted RNA-Seq analysis to study the transcript distribution of CP genes in 244 various developmental stages and tissues. In total, transcriptional evidence was 245 obtained for 283 of the 287 annotated CPs (see Supplementary Table 2 for numbers of  246 genes from each CP group expressed per library). Transcripts were found for a 247 maximum of 233 CP genes in the 2 nd instar larvae and a minimum of 94 CP genes in 248 the epidermis of the 6 th day pupa (Fig. 5A ). The pattern of transcript levels of different 249 CP groups (Fig. 5B) showed dynamic changes in epidermis from larval to pupal stages 250 (Supplementary Table 3 for the total FPKM value for CP groups in each library). The 251 transcript pattern of RR-1 CPs contrasted extremely compared to RR-2 CPs (Fig. 5B) . 252
Most CP transcripts in larval epidermis were derived from RR-1 CP genes whereas 253 RR-2 transcripts predominated in pharate adults. The difference in transcript pattern 254 between RR-1 and RR-2 genes was consistent with published reports that the RR-1 255 transcripts are much more abundant in soft and flexible cuticles typical of larvae than 256 in hard cuticles, whereas RR-2 transcripts are associated with hard structures typical of 257 14 adults (Dittmer et al., 2015; Ettershank, 1964 ; Futahashi. et al., 2008; Vannini and 258 Willis, 2017) . 259
The transcripts of CPG and CPH amount to a large percentage in pupal and pharate 260 adult stages, despite their small numbers of genes compared with the CPR family 261 (Fig. 5A,B) . In B. mori, transcripts from CPG 262 genes are also reported to be present in some hard cuticles such as pheromone gland, 263 compound eye and maxillary galea (Futahashi. et al., 2008) . Most CPHs contain AAP 264 (A/V) repeats which might cause a protein to fold into a more or less regular helix, 265 leading to an elastin-like structure which is easily and reversibly deformed by external 266 forces (Andersen, 1995) . Transcripts of CPH genes were abundant in pupal epidermis 267 and wing, especially in early pupal epidermis (Fig. 5B) . Further study is needed to 268 determine the function of the CPGs and CPHs in cuticle formation. 269
Wolfgang and Riddiford (1986) reported changes of CP synthesis correlated with 270 changes of lamellar structure in M. sexta cuticle during the final larval instar when they 271 dig into soil in preparation for pupation. Our RNA-Seq analysis of S. litura suggested 272 that epidermal cuticular layers of 6 th larval instar would be mainly composed of RR-1s 273 as well as CPAPs, whereas, based on transcript abundance, CPH and CPGs together 274 with CPAPs would contribute to the cuticular layers of the wandering stage ( Fig. 5A ; 275 (Fig. 5B) . 280
The heat map of transcripts for each CP gene in S. litura showed several 281 characteristic patterns (Fig. 6) . The transcripts from RR-1 and CPG genes were 282 continuously and highly abundant in epidermis of larval stages (Fig. 6A) . However, 283
transcripts from some RR-1 genes (Fig. 6B ) that were abundant in larval epidermis 284 were also found in the early pupal stage (P-2) or pharate adult stage (P-12) . This is 285 similar to An. gambiae, where Willis (2010) reported that both RR-1 and RR-2 286 transcripts are present in pharate adults and post-eclosion, but many fewer are RR-1 287 compared with RR-2. 288
The secondary structure predicted by online software Phyre 2 (Kelley et al., 2015) 289 (http://www.sbg.bio.ic.ac.uk/) for RR-1 CPs of pattern B (Fig. 6B) suggested that most 290 of them shared a common structure homologous to the Polo-Box domain (Park et al., 291 2010) , which comprises a six-stranded antiparallel β-sheet shielded by one α-helix. 292
However, we could not find such a common domain in RR-1 CPs of pattern A (Fig.  293 6A). As Vannini and Willis (2017) reported, the location of RR-1s and RR-2s depends 294 on properties of individual proteins in An. gambiae. It will be interesting to learn how 295 RR-1s are involved in specific protein structures of adult cuticle. 296
The CPH genes 265, 266, 267and 268) which formed a cluster on 297
Chr28 and a small cluster of RR-2 genes 187, 188, 189 and 190) (Fig. 6C) . 300 RR-2 genes, which are the main members of "pattern D" of the heat-map (Fig. 6D) , 301
were highly expressed in the pharate adult wing and epidermis (P-9 and P-12). These 302 genes were also well conserved among the three moth species with one-to-one 303 correspondence in the phylogenetic trees (Fig. 4B) . Sl_Aki-166, encoding the highest 304
His-rich CP, had abundant transcripts in the pharate adult stage. This expression 305 pattern was similar to its B. mori ortholog, BmorCPR152, which encodes the highest 306
His-rich CP (Suetsugu et al., 2013) . These CP genes, which were mainly expressed in 307 the pharate adult stage, may contribute to scales or other specific structures in the adult. 308
Not only RR-2 transcripts, but also transcripts from other CP families such as RR-1, 309 CPG, CPFL, CPAP and CPH, were also observed in high abundance in pupal wing and 310 epidermis (Fig. 6C, D) . The finding that two RR-1 genes (Sl_Aki-182 and 210) were 311 expressed highly only in the pupal stage, but not in the larval stage (Fig. 6D) , is 312 interesting since most RR-1 genes had high transcript levels in larval epidermis. The 313 contrasting expression patterns of the genes encoding these two RR-1 proteins suggests 314 that their function merits further study. 315
Transcripts from a few CPAP, RR-1 and CPH genes were observed in abundance in 316 epidermis throughout the development and wing of pharate adult (Fig. 6E) RNAi treatment for TcCPAP3-C leads to molting arrest at the pharate adult stage 323 (Jasrapuria et al., 2012; Petkau et al., 2012) . 324
His-rich RR-2 genes 124, 127, 129, 325 132, 134 136) , which form the large species-specific clade in the phylogenetic tree 326 (Blue star in Fig.4B ), unexpectedly showed few transcripts in epidermis or other 327 samples ( Supplementary Fig. 3 ). However, since the transcripts were only examined in 328 limited tissues in this study, we estimate these species-specific His-rich CP genes may 329 be expressed in some hard cuticle structures such as the cornea of the compound eye, 330 maxilla, or antenna. 331
Another unexpected finding was that transcripts from CPG, CPAP, CPT, CPH, 332 RR-1and RR-2 were present in relatively high abundance at the 2 nd instar 333 ( Supplementary Fig. 4) , which was quite different from those of other larval stages. 334
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